Hundreds of fossil marine vertebrates cropping out at Cerro Colorado (Pisco Basin, Peru) are identified and reported on a 1:6500 scale geological map and in a joined stratigraphic section. All the fossils are from the lower strata of the Pisco Formation, dated in this area to the late middle or early late Miocene. They are particularly concentrated (88%) in the stratigraphic interval from 40 to 75 m above the unconformity with the underlying Chilcatay Formation. The impressive fossil assemblage includes more than 300 specimens preserved as bone elements belonging mostly to cetaceans (81%), represented by mysticetes (cetotheriids and balaenopteroids) and odontocetes (kentriodontid-like delphinidans, pontoporiids, ziphiids, and physeteroids, including the giant raptorial sperm whale Livyatan melvillei). Seals, crocodiles, sea turtles, seabirds, bony fish, and sharks are also reported. Isolated large teeth of Carcharocles and Cosmopolitodus are common throughout the investigated stratigraphical interval, whereas other shark teeth, mostly of carcharinids, are concentrated in one sandy interval. This work represents a first detailed census of the extraordinary paleontological heritage of the Pisco Basin and the basis for future taphonomic, paleoecological, and systematic studies, as well as a much needed conservation effort for this extremely rich paleontological site.
Introduction
This oblique tectonic collision developed a composite transform-convergent margin characterized by normal and strike-slip faults that formed a number of elongated extensional/pull apart basins along the western margin of Peru (Dunbar, Marty, & Baker, 1990; León, Aleman, Torres, Rosell, & De La Cruz, 2008; Thornburg & Kulm, 1981; Zúñiga-Rivero, Klein, Hay-Roe, & Á lvarez-Calderon, 2010) . On the central coast of Peru, the (East) Pisco basin formed in the forearc between 13830 ′ and 158S; it is separated from the immediately adjacent West Pisco basin, located on the slope, by a basement high (Thornburg & Kulm, 1981) . Its filling succession shows extensive normal and transtensional faulting, which is the result of the strong coupling and prominent oblique convergence between the subducting oceanic slab and the overriding plate (León et al., 2008 and references therein). The tectonic structure of the Peruvian margin has not only been affected by the subduction of normal oceanic crust, but also disrupted by collision and subduction of the aseismic Nazca Ridge (Hampel, 2002) , which produced rapid uplift and inversion of the basin starting from latest Pliocene/earliest Pleistocene time (Hsu, 1992; Macharé & Ortlieb, 1992; Pilger, 1981) .
Stratigraphy
The infill of the Pisco basin is composed of four main stratigraphic units separated by three major breaks of the basin sedimentary record; from the oldest to the youngest, these units are the Paracas Group, the Otuma Formation, the Chilcatay Formation, and the Pisco Formation (DeVries, 1998) . The geological map of the Cerro Colorado study area (Di Celma et al., in press) shows two important angular unconformities in the exposed succession, probably related to a combination of eustatic sea-level changes and regional tectonic movements. The first one is the interformational unconformity between the Oligo-Miocene Chilcatay Formation and the overlying Pisco Formation. The second one is a low-angle intraformational erosional discontinuity that allows the subdivision of the Pisco stratigraphic section, as exposed at Cerro Colorado, into two informal allomembers. The lower allomember is 75 m thick and consists of nearshore conglomerates and thoroughly bioturbated fine-grained sandstones, gradually succeeded by diatomites, diatomaceous mudstones, and minor additions of sandstones, dolomitic horizons, and ash layers. The upper allomember, exceeding 125 m in thickness, is exposed in the upper half of the Cerro Colorado hill and along the eastern portion of the study area; it may be subdivided into two main lithological packages. The lower package, up to 50 m thick, consists of gray and orange, very fine-to medium-grained sandstones displaying abundant evidence of current and wave reworking. The upper package is at least 75 m thick and mostly composed of finely laminated gray-white diatomite with minor interbedded sandstones, dolomitic horizons, and ash layers.
Eight major stratigraphic marker beds, representing a powerful tool to correlate isolated outcrops within the stratigraphic context of the Pisco Formation, have been defined throughout the Cerro Colorado study area. In ascending stratigraphic sequence, they are the Nazca, Tiwanacu, Quechua, Wari, Paracas, Inca, Ica-Chincha, and T17 marker beds. A detailed description of these beds is provided by Di Celma et al. (in press).
Chronostratigraphic framework
Based on the discovery of a rich mollusk level containing the bivalve Anadara sechurana (Olsson, 1932) , Bianucci et al. (2010) and Lambert, Bianucci, Post, Muizon, et al. (2010) referred to the late middle Miocene (ca 12-13 Ma) the strata containing the holotype of L. melvillei and the specimens of M. gregarius described from Cerro Colorado. The A. sechurana level is here placed by us in the lower allomember, about 47 m above the basal angular unconformity. This age fully agrees with Dunbar et al. (1990) and is just a bit younger than DeVries (1998 DeVries ( , 2001 ) in respect to the ones reported for the basal deposits of the Pisco Formation.
The presence of the pontoporiid Brachydelphis mazeasi (Muizon, 1988) and of the ziphiid M. gregarius in the lower allomember of Cerro Colorado further supports the late middle Miocene age for this part of the section, as these species are also described from Cerro la Bruja, a locality where one of the oldest levels (ca 14 -12 Ma) of the Pisco Formation is preserved DeVries, 1998; Muizon, 1988) .
Otherwise, preliminary biostratigraphical analyses based on diatoms support an early late Miocene age (early Tortonian) for the lower allomember (Di Celma et al., in press ). Interestingly, the sister-taxon of M. gregarius is Messapicetus longirostris (Bianucci, Landini, & Varola, 1992) which is from the early Tortonian of Italy (Bianucci, Landini, & Varola, 1994) . Nevertheless more detailed biostratigraphic studies and eventually also radiometric dating are needed to better constrain the age of this fossil assemblage.
Study area and methods
An area of approximately 12 km 2 at Cerro Colorado in Ica Region, southern Peru, has been investigated in detail since 2006 during 7 successive field campaigns. Fossils from this area were all found by systematic surface prospecting of the exposures and their exact location was carefully recorded using hand-held global positioning system (GPS) receivers. Detailed taphonomic observations and a preliminary identification of each surveyed fossil specimen were made in the field. On the whole, this area was roughly uniformly investigated, but special attention was given to a restricted area (ca 500 m by 500 m) around the L. melvillei locality, in order to record all exposed isolated shark teeth and bone fragments.
Systematic identifications in the field were made more complicated due to the incompleteness of specimens related to recent erosion (more intense in some areas, such as along steep slopes) and partial burial affecting most specimens.
Several specimens were partially excavated for a more accurate description and identification. At the end of the field observation, these were covered with sediment to avoid further erosion. A few highly significant specimens were collected and deposited in the Museo de Historia Natural de la Universidad Nacional Mayor de San Marcos (MUSM) in Lima for preparation and study.
In the field, special attention was paid to avoid mapping different disarticulated bones of the same animal as belonging to different individuals: size, morphology, fossilization, preservation aspect, and relative position in the stratigraphic column were compared. Bones that were close but originated from different stratigraphic horizons were obviously referred to distinct animals. Isolated bones that were not found in situ and therefore lacked any precise stratigraphical context were not taken into account.
In addition to the completeness of the specimen, the accuracy of the filed systematic determination depends upon the preservation and exposure of diagnostic elements (e.g. for cetaceans, ear bones are often sufficient to identify the family, whereas vertebrae and ribs are much less significant). Determination to species level was possible for several specimens (e.g. the ones referred to M. gregarius), thanks to the collection, laboratory preparation, and detailed study of part of the material.
All fossil specimens were reported on a 1:6500 scale geological map and positioned along the sequence of distinctive marker beds (Di Celma et al., in press) and in a measured stratigraphic section, thus providing a framework for the spatial and temporal placement of all data, observations, samples, and specimens collected during the study. The stratigraphic accuracy for the positioning of specimens along the measured section ranges from + 0.4 to + 3 m. The horizontal and vertical distribution of all recorded fossils is reported in the Main Map.
Concerning the isolated shark teeth, only those belonging to Carcharocles and Cosmopolitodus were reported on the map and along the stratigraphic column. However, unlike the bone remains, they do not necessarily indicate the death of the animal (one shark loses several thousand teeth during its lifetime). Moreover the original concentration of outcropping large shark teeth was observed to decrease over the course of our subsequent field campaigns, due to their continuous illegal collection. In the stratigraphic section, a significant sandy bed displaying an elevated concentration of shark teeth and bones is also reported.
Vertebrate specimens with precise GPS coordinates associated, that were deposited at the MUSM prior to the beginning of this study, were also included in the map. Other previously collected specimens with rough stratigraphic data associated were only taken into account for reconstructing the total vertebrate assemblage of Cerro Colorado.
Being beyond the aim of this work, detailed taphonomic and paleoecological observations are not reported here and will be discussed in a future paper.
Overall composition of the vertebrate assemblage
In total 318 specimens preserved as bone elements were recorded in the vertebrate assemblage of Cerro Colorado. The assemblage is dominated by cetacean remains (81% of the specimens), belonging to mysticetes (39%), odontocetes (23%) and indeterminate cetaceans (19%) (Figure 1) .
Among mysticetes, a medium size (5 -8 m) undescribed cetotheriid larger than Piscobalaena nana (Pilleri & Siber, 1989 ) is the most common taxon of Cerro Colorado. Furthermore, several complete to incomplete articulated skeletons of this taxon were found. In total, cetotheriid remains represent 18% of the entire vertebrate assemblage, as the indeterminate mysticetes (18%), whereas larger size balaenopteroids are relatively rarer (3%). The odontocete assemblage is more diversified, consisting of stem physeteroids (2%), ziphiids (5%), pontoporiids (9%), kentriodontid-like delphinidans (2%), indeterminate delphinidans (2%), and indeterminate odontocetes (3%). Physeteroids include (1) the holotype of L. melvillei (an almost complete skull, incomplete mandibles, nine detached teeth, and other tooth fragments) (Lambert, Bianucci, Post, Muizon, et al., 2010) , (2) two specimens related to Acrophyseter (including skulls), and (3) a partial skeleton belonging to an undescribed genus (recently collected for preparation and study). Ziphiids are mainly represented by isolated skulls, in some cases with articulated mandibles, of M. gregarius. The holotype and most of the described referred material (represented by males, females, and one calf) of this species originate from Cerro Colorado . After the publication of this material, additional remains of M. gregarius were discovered at Cerro Colorado, including several skulls with associated postcranial remains. The ziphiid record in Cerro Colorado also includes a fragmentary skull, recently collected for preparation and study, showing some affinities with the South African species Nenga nasalis (Bianucci, Lambert, & Post, 2007) . Kentriodontid-like delphinidans include two well-preserved skulls, belonging to two distinct new genera and species, as well as other more fragmentary remains. Pontoporiids are represented by three specimens referable to an undescribed Pliopontos-like species and several specimens referred to Brachydelphis. Among the latter, some well-preserved short-snouted skulls, sometimes with associate postcranial skeleton, were referred to B. mazeasi, whereas a fragmentary fetus and several isolated periotics could not be identified at the species level.
Non-cetacean marine vertebrates are represented by pinnipeds (4%), sea turtles (4%), longirostrine marine crocodylians (1%), seabirds (4%), sharks and rays (2%, excluding isolated teeth), and bony fish (4%).
The pinniped record consists of a skull with associated vertebral column and ribs, as well as several other fragmentary specimens, including an articulated skeleton, a fragmentary skull with associated mandible, and two isolated mandibles, all belonging to an indeterminate seal (family Phocidae).
Sea turtles are represented by several well-preserved partial skeletons (including skulls) of P. urbinai. Here again the holotype and most of the significant specimens described by Parham and Pyenson (2010) were found in Cerro Colorado.
Crocodiles are reported on the basis of a partial skeleton embedded in a nodule and some fragmentary postcranial bones.
Seabird remains include some exquisitely well-preserved skulls and/or postcranial skeletons belonging to two undescribed new species of booby (Sula, Sulidae) and other fragmentary bones of indeterminate cormorants (family Phalacrocoracidae) and procellarids.
Significant shark remains include teeth with associated vertebrae of Comopolitodus hastalis and indeterminate carcharinids. More than 3500 isolated elasmobranch teeth, mostly collected from a sandy level with a high concentration in shark teeth and bony fish remains, belong to: (1) carchariniformes (79.5%), represented by carcharinids (78%), and sphyrnids (1.5%); (2) lamniformes (14.5%), represented by lamnids (12.5%), odontaspidids (1.5%), and otodontids (0.5%); (3) myliobatids (6%); and (4) very rare (one tooth for each family) pristids and squatinids ( Figure 2 ). Significant remains of bony fish belong to scombrids (aff. Thunnus sp.) and to an indeterminate sciaenid.
Fossil distribution

Spatial distribution on the ground
On the whole, fossil vertebrates appear not to be uniformly distributed across the mapped area: in some areas, such as at the NE and SW of the Cerro Colorado hill, their concentration is low, whereas fossils are apparently absent at the top of the hill (Figure 3) . Such a non-homogenous distribution may be due to: (1) the recent morphological changes of the landscape (on a drop off the fossils exhibit a lower exposition and are subjected to a greater erosion); (2) the covering of fossil-bearing outcrops with recent aeolian or landslide deposits; (3) and the non-homogenous vertical and/or horizontal distribution of fossils in the strata. Low fossil concentration at the SW of the Cerro Colorado hill is probably due to 1 and 2, whereas the absence of fossils at the top and the low concentration at the NE of the hill are probably due to 3. The apparently higher concentration of fossils around the L. melvillei locality is at least partly due to the more intense prospecting of this restricted area (see Methods section).
When analyzed separately, odontocetes and mysticetes on the whole display the same distribution pattern as all other vertebrates. However, among mysticetes, balaenopteroid remains are absent in the plain north of the hill, whereas no cetotheriid is recorded on the hill, above the intraformational angular unconformity separating the lower from the upper allomember. Among odontocetes, all physeteroids apart from the Livyatan holotype were discovered to the south of the hill. Considering other vertebrates, pinnipeds are only present on the hill, above the angular unconformity, where bony remains of reptiles, seabirds, bony fish, and sharks were not found. Carcharocles and Cosmopolitodus teeth show a wide distribution.
Stratigraphaic distribution
The stratigraphic distribution of the fossil vertebrates in Cerro Colorado appears highly non-randomly organized, with the highest concentration (88%) of recorded remains in the lower allomember, between 40 and 75 m above the basal unconformity with the Chilcatay Formation (Figure 4) . Isolated shark teeth of Carcharocles and Cosmopolitodus are also common in these fossiliferous strata. In this stratigraphic interval, two distinct peaks were identified: the most pronounced between 60 and 65 m (27% of all the fossils found, including the L. melvillei holotype) and the other between 45 and 50 m (15%). A similar distribution is observed when analyzing separately each vertebrate group (excluding the pinnipeds, absent in the lower allomember) with some small differences perhaps due to the low, less statistically representative number of specimens. The above-mentioned 1 m-thick sandy bed is extremely rich in elasmobranch teeth and fish bones are located in this lower allomember, about 59 m above the basal angular unconformity. Another smaller peak (7% of all fossils) is observable in the upper allomember stratigraphic interval, between 130 and 150 m above the basal angular unconformity. As for all the upper allomember, the fossil bone assemblage of this stratigraphic interval consists of pinnipeds and cetaceans. All identified mysticete remains of the upper allomember strata are referred to balaenopteroids; very common in the lower allomember, cetotheriids are apparently absent. Whereas bony remains of reptiles, seabirds, bony fish, and sharks are absent from the upper allomember, isolated shark teeth (but only of Carcharocles and Cosmopolitodus) are found near pinniped and cetacean remains.
Outside these high concentration levels, fossil vertebrates are relatively rare and represent only 5% of the total fossil vertebrate assemblage of the section. More specifically, fossil vertebrates are totally absent in the lower allomember between 5 and 20 m above the basal unconformity and in the whole upper portion of the upper allomember (starting from about 165 m above the basal unconformity).
To interpret the non-uniform distribution of fossil vertebrates in the stratigraphic section, it is necessary to consider the role of the non-homogenous exposure of the strata in the study area. Where the strata occasionally cross the surface with a high angle in correspondence with the drop off, as noted above, the number of fossils discovered could be lower due to their more limited exposure and greater rate of erosion. Such considerations are certainly applicable for the beds in the lower allomember between 40 and 75 m above the basal unconformity. The high fossil concentration in the areas N and SE of the Cerro Colorado hill corresponds to strata crossing the topography with a low angle, whereas an apparently lower fossil concentration appears on the almost vertical NE and SW slopes of the hill. Instead, fossil vertebrates are almost absent in the lower and upper portions of the stratigraphic section, respectively, to the NE and at the top of the hill, despite the fact that beds crop out almost parallel to the ground in these areas. At least for these cases we can assume that the low number of fossils reported in the section corresponds to a real low concentration in the corresponding strata. Therefore, it is reasonable to propose that the non-uniform distribution of fossil vertebrates in the stratigraphic section is mainly due to vertical changes in fossils concentration.
Conclusion
Focusing on the lower portion (late middle or early late Miocene) of the Pisco Formation cropping out at Cerro Colorado (the locality of the giant raptorial sperm whale L. melvillei), this work provides for the first time a combined quantitative and qualitative evaluation of the fossil vertebrates from a Pisco Formation locality ( Figure 5 ).
Thanks to a detailed geological and stratigraphic study undertaken concomitantly (an important aspect) to the prospection and mapping of fossil vertebrates, all the fossils are reported on a geological map and along the related stratigraphic section. Taken together, these two data-sets provide a detailed and unique overview of the spatial and stratigraphic vertebrate distribution. In particular, an outstandingly elevated concentration (88% of all fossils) is observed from 40 to 75 m above the angular unconformity on the underlying Chilcatay Formation.
The systematic determination of more than 300 specimens preserved as bony elements yielded important information on the composition of the fossil assemblage. Most of these fossils belong to cetaceans (81%), represented by (1) mysticetes (39%), including cetotheriids (18%). and balaenopteroids (3%) and (2) odontocetes (23%), including kentriodontid-like delphinidans (2%), pontoporiids (9%), indeterminate delphinidans (2%), ziphiids (5%), and physeteroids (2%). Pinnipeds (4%), sea turtles (4%), crocodiles (1%), seabirds (4%), bony fish (4%), and sharks (2%) are also reported. Isolated large teeth of Carcharocles and Cosmopolitodus are common in all the investigated areas of the locality, whereas other shark teeth, most of them referred to carcharinids, are concentrated in one sandy bed.
Data reported in this work represent a unique basis for the development of different research topics: (1) the reconstruction of the ecological structure of the vertebrate assemblage at Cerro Colorado, with a special emphasis on the trophic relationships and the impact of top predators (e.g. Livyatan and Carcharocles) on this ancient marine ecosystem; (2) the taphonomic analysis of the exceptional conservation of this fossil assemblage; and (3) the more punctual systematic studies of significant specimens belonging to new taxa (several cetacean specimens have already been collected and are currently under preparation), in a stratigraphic and geological framework which is more robust than previous work on the vertebrates of the Pisco Formation.
This work represents the first step of a long-term multidisciplinary project foreseeing the realization of similar maps of fossil vertebrates from other localities of the Pisco Formation (e.g. Cerro Los Quesos, see Lambert et al., 2009 ) and also from the older and seemingly fossiliferous Chilcatay Formation (e.g. Ullujaya, see Lambert et al., 2015) .
Finally, in order to trigger actions to preserve and promote this extraordinary paleontological heritage, this paper represents the first attempt at compiling highly accurate data on the occurrence of marine vertebrates within the Pisco Formation. Indeed, this comprehensive study may also constitute the first step toward an improved management and conservation of Peruvian paleontological heritage, through: (1) the collection of a large amount of paleontological and geological data demonstrating the richness and uniqueness of the Pisco basin fossil localities as well as their scientific significance, as a means to producing plans for conservation and future research; (2) the implementation of a general database for the paleontological content of Pisco localities. Such a database will be housed at the MUSM and access will be provided to the community for projects involving research, mining, construction, recreation, and tourism in the Pisco Basin area; and (3) collaborative projects with regional and national Peruvian authorities for the application of this conservation model to other paleontological localities in Peru.
Therefore, this work should better be considered as the first step for the future study and conservation of fossil marine vertebrates from the Peruvian southern coast, more than the final result of multiple field campaigns.
Software
The geological map was compiled by scanning hand drafts as black and white TIF files, and then digitizing the linework using the Corel Draw X3 graphics package. By using the GIS Data processing application Global Mapper 12, contour lines for the topographic base map were generated from digital elevation models based on the Shuttle Radar Topography Mission 26 (SRTM), as released by the United States Geological Survey (SRTM3 USGS version 2.1). Positions of fossil specimens were superimposed on the outcrop pattern of distinctive marker bed horizons using Global Mapper 12 to convert a Google Earth kmz file containing their position to Corel Draw.
